This study was designed to compare the effect of methionine (Met) sources (DL-methionine [DLM] and DL-2-hydroxy-4-methylthio-butanoic acid [HMTBa]) and their supplementation levels on broiler growth performance and redox state. A 2 Â 2 factorial arrangement was used with 2 sources (DLM and HMTBa) and 2 supplementation levels (0.05% and 0.25%) of Met. A total of 480 one-day-old broiler chicks were randomly divided into 4 treatments with 8 replicates per treatment (15 birds per replicate). The experiment lasted for 21 d. Broiler growth performance, redox capacity, redox-related genes expression, and Met transporters in different tissues were tested. Broilers fed high Met supplementation levels had improved (P < 0.05) body weight (BW), average daily gain (ADG) and feed conversion ratio (FCR). Similarly, broilers fed high Met levels had better (P < 0.05) antioxidant abilities in the serum, small intestine, and liver. Whereas, interactive effects (P < 0.05) were also observed between Met sources and levels. Compared with DLM, birds fed HMTBa diets had decreased (P < 0.05) total glutathione (T-GSH) and oxidized glutathione (GSSG) contents in duodenum, ileum, and liver. Similarly, broilers fed HMTBa supplemented diets had increased (P < 0.05) thioredoxin (Trx) gene expression in the duodenum and ileum, but decreased (P < 0.05) glutaredoxin (Grx), glutathione reductase (GSR), and glutathione synthetase (GSS) genes expression. Furthermore, lower gene expression of Na þ and Cl À dependent neutral and cationic amino acid transporter (ATB 0, þ ), and Na þ dependent neutral amino acid transporter (B 0 AT) in the duodenum brush border, but higher gene expression of diamine acetyltransferase 1 (SAT1) and Na þ -independent branched-chain and aromatic amino acid transporter (LAT1) in the jejunum and ileum basement membrane along with higher expression of the proton dependent monocarboxylate transporter 1 (MCT1) gene in the ileum were detected in birds fed HMTBa diets. In conclusion, DLM can be effectively used in glutathione synthesis to exert antioxidant functions, whereas HMTBa favors S-adenosylmethionine (SAM) synthesis and thus stimulates antioxidant-related genes expression.
Introduction
Methionine (Met) is involved in several crucial functions in poultry, which include protein synthesis, lipid metabolism, innate immune system regulation, digestive functions, and altering the level of S-adenosylmethionine (SAM), thereby changing gene expression by DNA methylation reactions (Martínez et al., 2017; Pan et al., 2017; Obata et al., 2018; Song et al., 2018; Zhang, 2018) .
DL-methionine (DLM) and DL-2-hydroxy-4-methylthio-butanoic acid (HMTBa) are 2 commonly used Met additives (Agostini et al., 2015) . DL-methionine and HMTBa are structurally different molecules with different physiological characteristics (Tang et al., 2011; Zhang et al., 2016) , and have different optimum dietary levels in poultry. Better growth performance, improved feed conversion ratio (FCR), and lower mortality have been reported in broilers under heat stress or when birds were fed low protein diets supplemented with HMTBa compared with DLM Willemsen et al., 2011) . DL-2-hydroxy-4-methylthio-butanoic acid and DLM can produce cysteine (Cys), a precursor of glutathione (GSH), which can then be converted into taurine and GSH Wen et al., 2017) . However, HMTBa exhibits greater conversion efficiency (Martin-Venegas et al., 2006) . DL-2-hydroxy-4-methylthio-butanoic acid supplementation produces less homocysteine in the plasma than DLM (Xie et al., 2007) and improves L-methionine conversion for effective utilization in chicken livers (Dibner and Knight, 1984) . Furthermore, Met serves as an antioxidant, thereby eliminating reactive oxygen species (ROS) by Met residues or through GSH synthesis (Wen et al., 2017; Zeitz et al., 2018) .
The significance of Met sources in animal production necessitates an in-depth investigation about their role in antioxidant response in broilers. Therefore, the present research evaluated the effect of different Met sources and levels in broiler diets on growth performance, redox status in different tissues, metabolism pathways and absorption processes.
Materials and methods
All the procedures adopted in carrying out this experiment were approved by the China Agricultural University and conducted in accordance with the Guidelines for Experimental Animals.
Birds and experimental diets
DL-methionine (99%, Sumitomo Chemical, Japan) and HMTBa (effective content 88%; Adisseo, France) were obtained from the market.
A 2 Â 2 factorial experiment with 2 sources (DLM and HMTBa) and 2 supplementation levels (0.05% and 0.25%) of Met was conducted. A total of 480 one-day-old male AA þ broiler chicks with similar body weight (BW) were randomly divided into 4 treatments. Each treatment consisted of 8 replicates (15 chickens per replicate). A corn-soybean meal-based diet without supplementation of any synthetic Met served as a basal diet. Synthetic Met (DLM and HMTBa) were added to the basal diet on an equimolar basis at 0.05% and 0.25% Met equivalents. The experimental diets were formulated in accordance with the Feeding Standards of Broilers (NY/T 33-2004) . All the nutrients (except Met) met the broiler starter phase requirement (Table 1) .
Animal management
All the birds were raised on wire net floors in an environmentally controlled house under 23 h continuous light and 1 h darkness. The room temperature was initially set at 33 C and then gradually reduced according to the age of the birds until reaching 23 C on d 21. Feed and water were provided ad libitum. The birds were weighed on d 1 and then on d 21 after 6 h fasting to calculate body weight gain. Feed intake from d 1 to 21 was also recorded to calculate average daily gain (ADG), average daily feed intake (ADFI), FCR, and European composite index (ECI).
Sample collection
On d 21, one bird per replicate from each treatment was anesthetized with 50 mg/kg pentobarbital sodium (Sigma, St. Louis, MO, USA). Blood was collected from the jugular vein, and stored at À20 C after centrifugation (3,000 Â g for 10 min at 4 C). Liver samples (2 g) were collected, 8 to 10 mm segments of the small intestine were opened and flushed with cold phosphate buffered saline. Mucosa from the middle duodenum, jejunum, and ileum was collected by gentle scraping with a microscope slide. Liver samples were snap-frozen in liquid N 2 , and stored at À80 C for further analysis.
Redox balance
An enzyme recycling method was used to test the GSH content in serum, mucosa and liver samples according to the manufacturer's recommendations (T-GSH assay kit; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Total glutathione (T-GSH) was tested using a bicinchoninic acid (BCA) Protein Assay Kit (CWBIO, Beijing, China), and expressed relative to the protein concentration in the samples. Glutathione peroxidase (GPx) activity in the plasma, mucosa, and liver was measured by kits (Nanjing Institute of Bioengineering, Nanjing, China). Glutathione and oxidized glutathione (GSSG) contents in the serum, mucosa, and liver were measured using a Pik Wan-day Biotechnology Company kit.
Small intestinal met transporter and antioxidant-related gene expression
The total RNA of the duodenum, jejunum, ileum, and liver was extracted using Trizol reagent (TAKARA, Japan). The specific procedure has been described in the supplementary material of the kit. The RNA purity and concentration was determined by a nucleic acid analyzer (Nano-drop 2000) . cDNA was synthesized using a reverse transcription kit (TAKARA, Japan) and the reversed product was stored in a refrigerator at À30 C. Fluorescence quantitative PCR was performed according to the SYBP Premix ExTaq (TAKARA, Japan) manual. The reaction instrument was a 7500-fluorescence detection system (Applied Biosystems). The PCR conditions were as follows: 95 C pre-denaturation for 30 s, denatured at 95 C for 5 s, 40 cycles of reaction. After PCR amplification, the dissolution curve was observed and agarose gel electrophoresis was used to identify whether the amplified gene fragment was as designed to verify the specificity of the amplified product. The amino acid and antioxidant-related genes of Na 
Statistical analysis
Two-factor analysis was performed using the general linear model (GLM) procedure of SPSS 23.0 (IBM, Armonk, New York, US). The results were expressed as means. Grubbs method was used to eliminate the abnormal values of data. Significant means were separated by Duncan's Multiple Range test method. The significance level was P 0.05, whereas P < 0.1 was considered as a tendency of significant difference.
Results

Growth performance
Growth performance results are presented in Table 3 . A source Â level interaction was observed on ADFI, BW, and ADG, and these indexes improved (P < 0.05) when broilers were fed diets with higher HMTBa supplementation levels. Similarly, high Met supplementation levels improved (P < 0.05) BW, ADG, FCR and ECI of broilers.
Antioxidant properties in the serum, mucosa and liver
An antioxidant property in broiler serum and livers is presented in Table 4 . In the serum, no source Â level interaction on the GPx activity was observed. The Met source did not affect the antioxidant property. However, GPx activity in the serum was increased (P < 0.05) with high Met levels.
In the liver, the antioxidant status was affected by the dietary Met supplementation level and source. There was an interaction (P < 0.05) on T-GSH, and GSSG. Total glutathione and GSSG were higher (P < 0.05) in the 0.25% DLM group than that of the 0.05% DLM group and both HMTBa groups. Methionine sources affected (P < 0.05) the hepatic GSH content. DL-methionine supplementation increased (P < 0.05) GSH, GSSG, and T-GSH contents. High dietary Met supplementation levels improved (P < 0.05) GSH:GSSG. Glutathione peroxidase activity in the liver remained unaffected by the Met source, although a slight improvement (P ¼ 0.054) was observed in the liver with higher Met levels.
There was no interaction between the Met source and level on the T-GSH, GSH, and GSSG contents (Table 5) . DL-methionine increased (P < 0.05) the T-GSH and GSSG contents in the duodenal mucosa, and GSSG in the jejunal mucosa, and T-GSH, GSSG, GSH in the ileal mucosa compared with HMTBa. However, DLM decreased (P < 0.05) the GSH:GSSG in the jejunal mucosa.
The GSH content and GSH:GSSG in the duodenal mucosa, and T-GSH and GSSG contents in the jejunal mucosa decreased (P < 0.05) with increasing Met levels. However, GSH:GSSG in the jejunal mucosa increased (P < 0.05) with high Met supplementation levels.
Antioxidant-related gene expression in the liver and intestine
There was an interaction between the Met source and level on Grx gene expression in the ileum and Trx gene expression in the liver. DL-2-hydroxy-4-methylthio-butanoic acid supplementation at 0.25% increased (P < 0.05) Grx gene expression compared with 0.05% or 0.25% DLM supplementation. The addition of 0.25% DLM decreased (P < 0.05) Trx gene expression in the liver compared with 0.05% DLM, or 0.25% HTMBA supplementation (Table 6) .
Methionine sources affected antioxidant gene expression in broiler intestinal mucosa and liver. Dietary supplementation with HMTBa increased (P < 0.05) Trx gene expression in the duodenum, Trx, Grx, GSR, and GSS gene expression in the ileum, and MAT1 gene expression in the liver than that of DLM.
Methionine levels had no effect on antioxidant gene expression in broiler intestinal mucosa and liver, except MAT1 gene expression, which decreased (P < 0.05) with increasing Met levels in the liver.
Amino acid transporter-related gene expression in the intestine
There was an interaction (P < 0.05) between the Met sources and levels on b 0, þ AT and MCT1 genes expression in the duodenum, and SAT1 and LAT1 in the ileum. Proton dependent monocarboxylate transporter 1 and b 0, þ AT gene expression in the duodenum decreased (P < 0.05) with increasing DLM levels, however, Table 2 Primer sequences of fluorescence quantitative PCR.
AT ¼ Na þ dependent neutral amino acid transporter; ATB 0, þ ¼ Na þ and Cl À dependent neutral and cationic amino acid transporter; b 0, þ AT ¼ Na þ -independent cationic and zwitterionic amino acid transporter; SAT1 ¼ diamine acetyltransferase 1; LAT1 ¼ Na þ -independent branched-chain and aromatic amino acid transporter;
no differences were found between different HMTBa supplementation levels. Diamine acetyltransferase 1 gene expression increased (P < 0.05) with increasing DLM supplementation levels, whereas, it decreased (P < 0.05) with increasing HMTBa supplementation levels. No differences between 0.25% DLM and HMTBa were noted. Na þ -independent branched-chain and aromatic amino acid transporter gene expression decreased (P < 0.05) with increasing HMTBa levels, however, there were no differences between 2 levels of DLM (Table 7) . Methionine sources affected amino acid transporter-related gene expression in the intestine. DL-2-hydroxy-4-methylthiobutanoic acid supplementation increased (P < 0.05) SAT1 and LAT1 gene expression in the jejunum, and MCT1 gene expression in the ileum (P < 0.05). Amino acid transporter-related gene expression in the intestine was also affected by Met levels. b 0, þ AT gene expression in the jejunum, and MCT1 gene expression in the ileum increased (P < 0.05) with increasing Met levels.
Discussion
Methionine plays an important role in numerous biological processes (M etayer et al., 2008) . Considerable research has demonstrated that optimum Met levels in poultry diets can improve growth performance, but there is continued controversy about the efficacy of synthetic Met sources i.e., HMTBa and DLM continues to persist (Richards et al., 2005; Sauer et al., 2008) . It has been reported that both a deficiency and excess of dietary Met leads to poor broiler performance (Song et al., 2018; Zeitz et al., 2018) .
Regarding Met, when dietary Met is supplemented at low levels, HMTBa is channelized to generate more Cys and taurine (MartinVenegas et al., 2006) . More than 50% Cys is used by the gastrointestinal tract (Bauchart Thevret et al., 2011) , leaving less Met for other organs, which subsequently affects growth performance (Conde-Aguilera et al., 2013) . Regarding sulfur amino acids (TSAA), HMTBa outperforms DLM when TSAA in the diet meets or exceeds the requirement, whereas DLM yields better results when the diet is low in TSAA (Vazquez-Anon et al., 2006) . Kim et al. (1997) reported that the biological requirement for total Met of broilers is 138 mg/d. Ekmay et al. (2016) recommended a Cys requirement is of 30.5 mg/d and TSAA requirement is of 132.25 mg/d for broilers. Notably, the Met intake (199 to 297 mg/d) in this study was higher than the recommendation. The biological efficiency of HMTBa has been reported to be 81% of the DLM value for ADG (Sauer et al., 2008) . Vazquez-Anon et al. (2006) also reported that HMTBa may exert a similar effect on performance compared with DLM at high Met levels. Therefore, it was not unexpected that there was no difference in performance between DLM and HMTBa supplemented diets.
Apart from its role as an amino acid, Met is an important intermediate in methylation reactions and can be converted to Cys, GPx ¼ glutathione peroxidase; T-GSH ¼ total glutathione; GSSG ¼ glutathione disulfide; GSH ¼ glutathione; DLM ¼ DL-methionine; HMTBa ¼ DL-2-hydroxy-4-methylthiobutanoic acid. a, b Within a column, means sharing the same superscripts are not significantly different from each other at P < 0.05. which is required for GSH and taurine synthesis. Both GSH and taurine are important components in defense against oxidative stress. The antioxidant defense of the body relies both on nonenzymatic as well as enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT) and GPx. Glutathione provides protection against cellular oxidants through non-enzymatic interactions and enzymatic-mediated mechanisms. The present study showed that the liver and intestinal GSH system was influenced by the Met sources and levels in the diet. Xie et al. (2007) reported that the addition of high Met levels resulted in high homocysteine levels, which is toxic and results in neurodegenerative disease by impeding endothelium functions and ROS generation (Tyagi et al., 2009 ). The Met metabolite, SAM can enter the irreversible transsulfuration pathway to form Cys, a constituent of GSH (Zeitz et al., 2017) . The present findings showed that HMTBa has a protective role on the intestinal epithelial barrier function, which is correlated with reduced GSH. Broilers fed HMTBa diets developed a better non-enzymatic antioxidant defense mechanism, which was consistent with the results of Willemsen et al. (2011) . Previous research has shown that HMTBa tends to metabolize in the sulfur pathway to improve the antioxidant capacity of body (MartinVenegas et al., 2006; Jankowski et al., 2017) . Hence, it can be inferred that HMTBa might be more beneficial than DLM in protecting cells from ROS. In addition, a reduction of the GSH:GSSG pool is associated with growth stimulation by nutrients. The GSSG content in the liver and intestinal mucosa was higher in DLM at the 0.25% level. Cellular GSSG levels are normally kept low by the action of GSH reductase, as high GSSG levels are toxic to cells. Additionally, HMTBa at different supplementation levels could maintain a stable GSSG level, which indicated that HMTBa yields better results in response to oxidative stress. Under lower Met conditions, antioxidant defense systems in broilers were activated, which was evident by a lower GPx content in the serum and higher GSH:GSSG in liver. Wu et al. (2012) reported that a Met deficiency reduced the GPx and SOD activities and increased the MDA content in the spleens of broilers, but high dietary Met levels enhanced the serum SOD activity and ferric reducing ability, whereas, the MDA content was reduced Zdu nczyk et al., 2017) . Consistent with previous studies, we found that the addition of high Met supplementation levels could strengthen the antioxidant system by enhancing SOD activity in the duodenum, CAT in the ileum, as well as GPx activity and total antioxidant capacity in the serum.
Thioredoxin, as an important enzyme-regulated protein, aids in alleviating intracellular oxidative stress, controls growth and programmed cell death, participates in DNA synthesis, reduces the disulfide bond in the protein thereby, playing an important role in the body's antioxidant system (Saitoh et al., 1998) . Gasparino et al. (2018) reported that HMTBa can alleviate heat-induced oxidative damage by improving Trx in broilers. Our findings are supported by their work, where HMTBa enhanced Trx gene expression in broiler duodenum. However, no effect was observed on GSH in this study, which suggested that HMTBa controls the oxidative balance of cells by stimulating Trx gene expression in the duodenum rather than solely being involved GSH production. S-adenosylmethionine, synthesized by Met and ATP through L-methionine S-adenosyltransferase (MAT) catalysis, is an important methyl donor that can improve SOD activity (Zhang et al., 2016) . We also found that HMTBa supplementation can improve MAT1 expression in the liver, but decrease T-GSH, GSSG, and GSH contents. The underlying reason may be the participation of HMTBa in another metabolic pathway to produce SAM, whereas DLM generally generates GSH. We also found that compared with HMTBa, DLM supplementation can enhance GSSG and T-GSH contents in the duodenum and increase GSSG content and decrease GSH:GSSG in the jejunum. Table 7 Effects of Within a column, means sharing the same superscripts are not significantly different from each other at P < 0.05.
Different mechanisms for cellular absorption, transport, metabolism and bio-efficiency exist for these 2 Met sources. Moreover, there are differences in their utilization among various species such as chickens, pigs and ruminants. As a Met precursor, HMTBa is absorbed mainly by MCT1, coupled with the NHE3 activity, and DLM uptake occurs via multiple carrier-mediated systems. The liver, kidneys and small intestine can metabolize D-Met and HMTBa to L-Met through oxidation and transamination. Unlike DLM, which can only be transported into the body via active transport, HMTBa can either be absorbed into the body by active transport or by passive diffusion through the intestinal epithelial cells into the bloodstream and transported to other tissues (Zhang et al., 2016) AT expression in the duodenum, whereas dietary HMTBa supplementation mainly improved the expression of SAT1 and LAT1 in the jejunum and SAT1, LAT1 and MCT1 in the ileum, which showed that DLM is mainly absorbed in the duodenum whereas the jejunum and ileum are the main sites HMTBa absorption. This concurs with Martin-Venegas et al. (2006) , who also reported that the jejunum and ileum had higher HMTBa absorption. In addition, DLM can improve the transporters present on the brush border, whereas, HMTBa tends to enhance the transporters on the basement membrane. Thus, transporters present on the basement membrane transport HMTBa more efficiently to blood to participate in the metabolism. In this way, more HMTBa escapes the first-pass effect in the gastrointestinal tract and is utilized by whole body tissues (Fang et al., 2010) .
Conclusion
DL-methionine is mainly absorbed in the duodenum and favors GSH synthesis, whereas HMTBa is primarily absorbed in the jejunum and ileum and generates SAM; thus, stimulates Trx expression, which in turn participates in oxidation resistance.
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